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Introduction
Azides play a prominent role in photochemical transformations 1, 2 and photo-induced catalysis 3 involving organic and inorganic azides as well as azido complexes. Detailed photochemical studies of transition metal azido complexes revealed photo-induced reductive eliminations [4] [5] [6] [7] [8] with mechanisms reminiscent of photo-induced C-H bond activation reactions observed with transition metal carbonyl complexes. [9] [10] [11] [12] [13] [14] These reactions were studied in inert matrices, 15, 16 in solution [17] [18] [19] [20] [21] and in the gas phase. 22 A primary step in the photolysis of azido complexes may involve the initial elimination of N 2 from an excited state and the formation of highly reactive nitrenes, which is usually followed by the addition of electron-rich species in solution or rearrangement via insertion reactions. 23 The formation of nitrido complexes and the reductive elimination of the azidyl radical are alternative photochemical responses. 7, 24 Reactions involving azides can be monitored conveniently since the symmetric and asymmetric stretching vibrations of the linear N 3 group,  as (N 3 ) and  s (N 3 ) give rise to intense absorption bands in the mid-IR spectral region. The spectral position of these bands is sensitive to structural and electronic changes which makes time-resolved infrared (TRIR) spectroscopy a suitable technique to study the nature and the photochemistry of the photogenerated excited states. 26, 27 Using transient absorbance (TA) and time-resolved infrared (TRIR) spectroscopies, a variety of azides has been investigated, 25 including, for example, mono-and bis(phosphine) diazido platinum(II) complexes. In these experiments, a coordinatively unsaturated species, Pt(N 3 )(PPh 3 ) 2 , was identified as highly reactive intermediate. Investigations of the iridium complex Ir(Cp*)(N 3 ) 2 (PPh 3 ), Cp* = C 5 Me 5 , involved the continuous irradiation of benzene solutions at  exc = 313 nm, 9 which produced Ir(Cp*)H(Ph)(PPh 3 ) and Ir(Cp*)H{( -Ph)PPh 2 }(PPh 3 ) in reductive elimination / C-H insertion and orthometallation reactions. In halogenated solvents, however, the photo-reaction generates the chloro complex Ir(Cp*)Cl 2 (PPh 3 ) via N 3 / Cl ligand exchange. In a related investigation near-ultraviolet radiation generates Ir(Cp*)(L) as a reactive intermediate, which undergoes oxidative addition with solvent C-H and C-Cl bonds. 5 The quantum yields for these reactions range from 0.01 to 0.3. The lack of mechanistic insight on the ultrafast time scale motivated our investigation of late transition metal azido complexes as part of a wider research programme into nitrogen-rich energetic compounds. [28] [29] [30] This work describes the first picosecond TRIR (ps-TRIR) spectroscopic study on these complexes using Rh(Cp*)(N 3 ) 2 (PPh 3 ) and Ir(Cp*)(N 3 ) 2 (PPh 3 ).
Results and Discussion

Spectroscopy
The complexes subject to this investigation, M(Cp*)(N 3 ) 2 (PPh 3 ), M = Rh (1), Ir (2) , are shown in Scheme 1. The UV/vis absorption spectra in MeCN (Fig. 1 femtosecond excitation (see Table 1 ). The TRIR spectra ( The recovery of the bleached parent bands and the decay of all long-lived transients occurs synchronously with a lifetime of   = 118 (15)
ps. TRIR spectra of complex 1 in THF (Fig. 3 , S3, S12), CH 2 Cl 2 and toluene solution (Fig. S11 ) have similar shapes with minor differences in transient and bleached parent band positions (see Table 1 ). However, the lifetimes for the decay of vibrationally excited (hot) states vary slightly between   = 4(1) ps (CH 2 Cl 2 ) and 6(1) ps (THF), while the decay of the vibrationally cold transient and the recovery of the bleached parent absorptions have lifetimes as short as 78(5) ps in toluene.
These findings are interpreted in terms of a set of overlapping bands which arise from vibrationally excited states of an electronic excited state (1*). The relaxation rate associated with the decay of these bands is solvent-dependent and is progressively slower on moving from MeCN > THF  tolueneCH 2 Cl 2 . The bands of these excited states are centred at lower energy than those of the vibrational ground state due to anharmonicity. For the  as (N 3 ) stretches the transitions v = n + 1  v = n + 2 are therefore at lower wavenumbers than the v = n  v = n + 1 transitions. This assignment is supported by the recently observed anharmonicity in time-resolved 2DIR measurements on azido complexes 38 as well as results from picosecond TRIR for the CO stretching vibrations of short lived intermediates generated by femtosecond excitation of Rh(Cp)(CO) 2 where the hot bands have been found ca. 40 -80 cm 1 below in energy than the vibrationally cold transient bands. 39, 40 Excitation of complex 1 at 400 nm in any of the studied solvents is reversible and the quantum yield for the generation of any reactive intermediate is negligible (Fig. 3) . While the excitation of complex 1 in MeCN and THF at higher photon energy (266 nm, see Fig. 3 top left and top right) leads to similar spectral transient features, these are, however, extended much further to lower wavenumbers in the period up to 10 ps after excitation. On the contrary, the TRIR spectra at late time delays, after the cooling process of the electronic excited states is complete, are nearly identical for both excitation energies. This indicates that the excited state detected in TRIR experiments is formed considerably hotter vibrationally if populated with a 266 nm pulse, which in principle could be expected. Importantly, close inspection of the TRIR spectra of 1 ( exc = 266 nm) reveals residual parent bleach bands which persist at late time indicating irreversible photochemical transformations with estimated quantum yields of 0.033 (18) and 0.006(5) in CH 3 CN and THF, respectively ( Table 1 ). The nature of the photoproduct could not be ascertained as the long lived transient bands were too weak. Four nanoseconds after excitation at 400 nm, 98% of the ground state of complex 2 in MeCN solution is recovered (Fig. S7) , which suggests the formation of a longer-lived photoproduct with a low quantum yield of less than 0.02. This finding compares well with the quantum yields The latter finding suggests that the Rh-N  bonds have comparably weak ionic character; however, the low wavenumber for the asymmetric N 3 stretches is close to that of the azide anion and contradicts this notion, unless  back donation is involved which lowers the  as (N 3 ) force constant while maintaining the bond length difference.
DFT Calculations
DFT calculations were employed in order to gain further insight into the nature of the electronic ground and excited states of complexes 1 and 2 and help rationalise the shape of their transient spectra. Using the experimentally determined molecular structure of complex 1 (Fig. 8 ) as start geometry, three local minima were identified for both rhodium and iridium complex in the singlet ground and first triplet excited states, 1a-c, 2a-c and 1a*-c* and 2a*-c*. These structures are shown in Figs. 9 and S13. While the minimum geometries of 1a (Fig. 9a) and 2a (Fig. S13a) closely resemble the structure determined for 1 in the crystal (Fig. 11) , other minima are related to these by rotation of azido ligands around the M-N  bonds (Fig. S13 ). For each given spin state these rotamers have electronic energies and free energies deviating no more than approximately 8 kJ mol 1 from the global minimum and are therefore thermally accessible at r.t. The scaled frequencies calculated for the asymmetric N 3 vibrations (Table 2) were found to reproduce the trends between ground and excited states observed in the TRIR spectra well as can be gleaned from a comparison of Table 1 with Table 2 and Fig. 10 . : panel (a) 1a, panel (b) 1b, panel (c) 1c, panel (d) 1a* In the excited states, however, individual bands can be resolved since band maxima have larger spectral separation. Therefore, at least two rotamers in the electronic exited states 1* and 2* must be assumed to exist in order to rationalise the ps-TRIR observed spectra. Finally, electron density difference plots calculated for the transition of the complexes 1c and 2c (see Fig. S16 ) from the ground to the excited state show on the one hand a reduction in electron density at the metal and on the axis connecting to one N 3 ligand, and on the other hand an increase at the Cp* ligand and between coordination centre and the PPh 3 ligand. Overall, no significant differences could be determined between both complexes. These findings appear to support the suggested metal-to-ligand charge transfer character of the excited state.
Conclusions
The ps-TRIR spectroscopy used to probe light-induced processes in Ir and Rh diazido complexes allows for the direct observation of the vibrationally excited electronic excited states of M(Cp*)( solution. The quantum yields for the generation of long-lived reactive intermediates were found to be close to zero under 400 nm and between 0.06 and 0.17 under 266 nm excitation, depending on the solvent and the central atom. In MeCN solutions of the iridium complex 2 a long lived photoproduct could be identified as a result of heterolytic M-N 3 bond cleavage whereas no analogous photoproduct was formed with the rhodium complex. Overall, the photochemistry of the complexes at the investigated excitation energies is dominated by internal energy conversion (Scheme 1) as opposed to N 2 elimination found in azides, such as DMAP-N 3 , 30 with highly covalent azido groups. ps-TRIR experiments were performed at the Rutherford Appleton Laboratory (CLF) using the PIRATE and ULTRA laser and detection systems which were described elsewhere. 33, 34 The 266 nm and 400 nm excitations was produced using 3 rd and 2 nd harmonics of the 50 fs, 800 nm output of the Ti:sapphire amplifier system. The pulse energy at the sample was ~1.5 J. The spot sizes of the pump and probe beams were around 150 and 100 m, respectively. ps-TRIR spectra were obtained by exciting the sample with pump pulses with polarization set at magic angle with respect to the probe. Continuous exchange of the irradiated volume of solution was maintained by recirculating the analyte solution using a peristaltic pump driven, teflon-lined flow system with ~40 ml of solution reservoir in combination with x,y-rastering to reduce photodegradation at the window solution interface. The ps-TRIR spectra are the difference between the probe spectra when the sample is pumped or not pumped. Probe spectra are acquired at 10 kHz and the sample pumped at 5 kHz. TRIR spectra were calibrated internally using the spectral position of the parent bleach bands. Precise band positions, time-dependent areas and de-convoluted spectral information were obtained using pseudo Voigt profiles of the type y= 
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